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Heat shock protein 70 overexpression protects LLC-PK1 tubular cells cells induces resistance for subsequent hypoxia [11];
from heat shock but not hypoxia. however, Hsp70 was not significantly increased by hyp-
Background. Overexpression of the 70 kDa heat shock protein
oxic preconditioning [12], indicating that Hsp70 overex-(Hsp70) protects myocytes and neural cells from hypoxic injury. In
contrast, Hsp70 induction in the kidney after ischemic or thermal pression is not required for the development of tolerance
preconditioning does not correlate well with protection from hypoxic after hypoxic preconditioning in human proximal tubularinjury. Herein, we directly tested if Hsp70 overexpression protects
cells. The lack of a substantial increase in Hsp70 in hu-LLC-PK1 porcine tubular epithelial cells from hypoxic or thermal injury.
Methods. LLC-PK1 cells were either cotransfected with an Hsp70 man proximal tubular cells after hypoxic preconditioning
and a luciferase expression vector or singly transfected with the lucifer- in our model may be related to the relatively high basalase expression vector. Loss of intracellular luciferase activity was used
levels of Hsp70 in primate cells compared with nonpri-to assess injury after exposure to hypoxia or hyperthermia and after
recovery under normal growth conditions. mate cells [13–15]. The extent to which Hsp70 expression
Results. Overexpression of Hsp70 decreased loss of and improved is induced by heat shock in both primate and nonprimaterestoration of intracellular luciferase activity in LLC-PK1 cells exposed
cell lines is inversely correlated with initial levels ofto hyperthermia. In contrast, Hsp70 overexpression did not decrease
the loss of or improve restoration of luciferase activity in cells exposed Hsp70 [13–15]. Thus, high basal levels of Hsp70 may
to hypoxia. prevent an increase in Hsp70 after preconditioning inConclusions. These results suggest that Hsp70 overexpression is
cultured human proximal tubular cells. Furthermore, insufficient to protect LLC-PK1 proximal tubular cells from hyperthermia
but is not sufficient for protection from hypoxia. cells already expressing relatively high levels of Hsp70,
more Hsp70 may not provide any additional protection
for the cell.
Transgenic mice that overexpress the highly inducible Because human proximal tubular cells express high
70 kDa heat shock protein (Hsp70) exhibit increased basal levels of Hsp70, the ability of Hsp70 to protect
resistance to myocardial ischemia [1–4]. In addition, proximal tubular cells from hypoxic injury may have
transfection of cultured myocytes [5, 6], neurons [7], and been obscured in our previous study [12]. Therefore, in
astrocytes [8] with an Hsp70 expression vector protects this study, we directly tested the ability of Hsp70 to
cells from hypoxia or adenosine triphosphate (ATP) protect proximal tubular cells from hypoxic injury. Por-
depletion. Such studies provide direct evidence that cine proximal tubular-like cells (LLC-PK1 cells), which
Hsp70 protects myocytes and neural cells from hypoxic express low basal levels of Hsp70, were transfected with
injury. However, several studies suggest that Hsp70 does an Hsp70 transfection vector and were tested for resis-
not protect renal cells from hypoxic injury. Neither Jo- tance to hypoxia. For comparison, Hsp70-transfected
annidis et al [9] nor Zager et al [10] detected protection LLC-PK1 cells were also tested for resistance to hyper-
against renal ischemia in rats preconditioned with hyper- thermia.
thermia or hypoxia, despite induction of Hsp70.
We previously demonstrated that hypoxic precondi-
METHODStioning of cultured human proximal tubular epithelial
Cell culture
LLC-PK1 cells were purchased from the AmericanKey words: hypoxic injury, hyperthermia, Hsp70, proximal tubule cells,
ischemia, luciferase. Type Culture Collection (ATCC Clone CL101; Rock-
ville, MD, USA). LLC-PK1 cells were grown in mediumReceived for publication November 14, 1997
199 with 3% fetal bovine serum, 100 U/ml penicillin/and in revised form July 17, 1998
Accepted for publication August 18, 1998 streptomycin, and 0.25 mg/ml amphotericin B. This me-
dium will be referred to as complete growth medium. 1999 by the International Society of Nephrology
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Transfection clined. Therefore, cells were exposed to hypoxia or heat
shock 24 hours after transfection and were then allowedThe Hsp70 and luciferase expression vectors, pHb-
to recover so that the entire experiment was completeHsp70 and pHb-luc, were generously provided by Dr.
within 48 hours after transfection.Ivor Benjamin (University of Texas Southwestern Medi-
cal Center, Dallas, TX, USA). pHb-Hsp70 contains a Immunofluorescence
full-length human Hsp70 A cDNA under the control of
Expression of Hsp70 and luciferase was detected inthe human b-actin promoter [6]. pHb-luc is the same as
transiently transfected cells by immunofluorescence.pHb-Hsp70 except that it contains the luciferase gene
LLC-PK1 cells (1 3 105) were added to each well of aninstead of the Hsp70 gene [6]. Both vectors contain a
8-well plastic chamber slide (Nunc Inc., Naperville, IL,neomycin-resistance gene regulated by the SV40 early
USA) and were allowed to adhere overnight. Cells weregene promoter.
transfected with pHb-luc and pHb-Hsp70 as describedLLC-PK1 cells were plated at a density of 4 3 104 cells
earlier here, except that only 150 ml of DNA-lipid mix-per well in 24-well culture dishes and were allowed to
ture was added to each well. After transfection, cellsgrow to confluency over two days in complete growth
were washed with phosphate-buffered saline (PBS) andmedium. For transfection with pHb-Hsp70 and/or pHb-
were fixed with ice-cold 100% methanol for five minutes.luc, plasmid (0.4 mg/well) and the cationic lipid, Lipofec-
Cells were then incubated at 378C in PBS with 1.5% goattamine (0.8 ml/well; Promega, Madison, WI, USA), were
serum for 15 minutes and then for one hour with a 1:400incubated together at room temperature for 15 minutes.
dilution of mouse monoclonal anti-Hsp70 antibody (CloneAfter washing the cells with serum-free M199 medium,
C92F3A-5; StressGen, Victoria, British Columbia, Can-cells were incubated with the DNA-lipid mixture for
ada) and a 1:200 dilution of affinity purified rabbit antilu-five hours at 378C. Then cells were washed with M199
ciferase antiserum (Promega). Antibodies were dilutedmedium and were cultured in complete growth medium.
in PBS with 1.5% bovine serum albumin. Cells wereDNA to lipid ratios and incubation times were optimized
washed three times with PBS and were then incubated
in preliminary experiments.
with rhodamine-conjugated goat F(ab9)2 antimouse IgGTo test for the ability of Hsp70 overexpression to pro- and fluorescein-conjugated goat F(ab9)2 antirabbit IgGtect cells from hypoxic or hyperthermic injury, cells were (Caltag Laboratories, San Francisco, CA, USA). Both
cotransfected with pHb-luc and pHb-Hsp70 and loss of secondary antibodies were diluted 1:100. Cells were incu-
luciferase activity used as a marker of cell injury as de- bated for 30 minutes at 378C, washed three times with
scribed by Williams et al with the following exception PBS, and then examined by fluorescent microscopy se-
[6]. To control for nonspecific effects of transfection, quentially with a rhodamine filter to detect cells trans-
Williams et al cotransfected with pHb-luc and either fected with pHb-Hsp70, then a fluorescein filter to detect
pHb-Hsp70 or the plasmid vector backbone, pHb-Svneo cells transfected with pHb-luc. In preliminary studies
[6]. However, during energy-depletion injury, such as with single transfectants, we determined that there was
hypoxia and hyperthermia, especially during recovery minimal crossover of rhodamine and fluorescein signals.
after injury, expression of the reporter protein consumes Thus, double transfectants were easily differentiated
energy. Therefore, to keep the total energy burden for from cells transfected with only a single plasmid.
transcription and translation more equal between experi-
mental and control groups, we chose to transfect control Hypoxia and heat shock
cells with double the amount of pHb-luc rather than with Cells were exposed to hypoxia by incubation at 378C
pHb-luc and pHb-SVneo. Thus, the total amount of in anoxic gas (85% N2, 10% H2, 5% CO2) for 4 to 21
DNA, lipid, and transcriptional units driven by the b-actin hours in an anaerobic chamber (Forma Scientific, Mari-
promoter was kept constant between experimental and etta, OH, USA) in glucose-free buffer (116 mm NaCl,
control cells. For single transfectants, 0.4 mg of pHb-luc 1.0 mm NaH2PO4, 26.2 mm NaHCO3, 5.4 mm KCl, 1.8
and 0.8 ml of lipid were added per well. For double mm CaCl2, and 0.8 mm MgSO4) as previously described
transfectants, 0.2 mg each of pHb-luc and pHb-Hsp70 [11, 12, 16]. For the lactate dehydrogenase (LDH) efflux
and 0.8 ml of lipid were added per well. This resulted assay, cells were exposed to hypoxia for 4 to 21 hours.
in approximately twice the luciferase activity in single For transfection experiments, cells were exposed to hyp-
transfectants as double transfectants. To account for this oxia for 13 hours, followed by a nine-hour recovery pe-
difference, luciferase activity was expressed as the per- riod in regular culture medium. Cells were heat shocked
centage of that expressed by parallel control cultures by placing them in a 428C medium and then incubating
that were transfected, but not exposed to heat shock or the cells at 428C for 45 minutes in a hybridization oven.
hypoxia. Cultures were wrapped in Parafilm (American National
Hsp70 and luciferase expression peaked between 24 Can, Greenwich, CT, USA) to retain carbon dioxide and
to prevent alkalization of the medium.and 48 hours after transfection and then gradually de-
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Immunoperoxidase staining preliminary experiments, we transfected LLC-PK1 cells
with pHb-Hsp70 and isolated stable transfectants by se-After exposure to hypoxia, we found that attachment
lection in the neomycin analogue, G418. We were unableof cells to the chamber slides was not adequate to allow
to isolate stable clones that expressed substantially ele-immunofluorescence staining. Therefore, to stain for
vated amounts of Hsp70, perhaps because high levels ofHsp70 and luciferase after hypoxia and recovery, 24-well
Hsp70 overexpression inhibit cell growth, as suggestedplates were used, and cells were stained for either Hsp70
by Williams et al, who experienced similar difficultiesor luciferase using immunoperoxidase staining. Cells
with myocytes transfected with the same Hsp70 vectorwere transfected with pHb-luc and/or pHb-Hsp70 and
used in this study [6]. We therefore used transient trans-were exposed to hypoxia and recovery as described ear-
fection, which resulted in high levels of Hsp70 expressionlier here. Cells were fixed with 100% ice-cold methanol
in 37 cells per low power field (3100) or approximatelyand were incubated with anti-Hsp70 or antiluciferase
1% of the cells (Fig. 1A). Cells transfected with pHb-antibodies, as described earlier here, for immunofluo-
Hsp70 express readily detectable Hsp70 compared withrescent staining. Cells were then processed with a biotin-
the low to nondetectable levels of Hsp70 in the sur-streptavidin-immunoperoxidase staining kit as described
rounding, barely visible, nontransfected LLC-PK1 cells.by the manufacturer (BioGenix, San Ramon, CA, USA)
In addition, cells transfected with pHb-luc did not ex-and were viewed by phase contrast microscopy under
press elevated Hsp70 levels (data not shown). Thesean inverted phase contrast microscope.
results demonstrate that exposure of LLC-PK1 cells to
transfection reagents does not induce endogenous por-Measurement of LDH efflux
cine Hsp70 expression substantially.Lactate dehydrogenase efflux was measured with a
CytoTox 96e LDH microtiter assay as described by the
Use of luciferase as a marker for hypoxic injury
manufacturer (Promega). LDH efflux measured at each
Although transient transfection with pHb-Hsp70 re-time point was calculated as percentage of total LDH
sulted in high levels of Hsp70 expression, transfectionas previously described [11, 12, 16].
efficiency was only approximately 1%. Therefore, stan-
dard assays for hypoxic cell injury, such as LDH efflux,Measurement of luciferase activity
could not be used to monitor injury in transiently trans-Luciferase activity was measured with a luciferase
fected cells because it would be impossible to differenti-assay kit (Promega) according to manufacturer’s instruc-
ate LDH released from transfected versus nontrans-tions. Briefly, cells were washed twice with PBS and were
fected cells. To assess injury of transfected cells in thethen incubated with 100 ml reporter/lysis buffer for 15
background of predominately nontransfected cells, cellsminutes at room temperature. Cell lysate was stored at
were cotransfected with pHb-Hsp70 and a luciferase ex-2708C until assayed. After thawing, 20 ml of cell extract
pression vector (pHb-luc). Luciferase then served as awas mixed with 100 ml of luciferase assay reagent, and
“reporter” enzyme for cell injury as described by Wil-light emission was immediately measured in a Lumat
liams et al [6]. Luciferase is a 62 kDa protein that shouldLB9501 luminometer (Wallac, Gaithersburg, MD, USA).
be retained in the cell during hypoxia unless membraneThe assay reagent and buffer contain luciferin and ATP.
integrity is lost during injury.Light emission is proportional to the amount of lucifer-
When cells are transfected with two plasmids simulta-ase present in the cell extract. Luciferase activity was
neously, successfully transfected cells usually take upexpressed as the percent of activity detected in control
both plasmids. To confirm cotransfection, LLC-PK1 cellscells that were transfected simultaneously, but not ex-
were transfected simultaneously with pHb-Hsp70 andposed to heat shock or hypoxia.
pHb-luc and were then tested for Hsp70 and luciferase
expression by two-color immunofluorescence. Cotrans-Statistical analysis
fection with pHb-Hsp70 resulted in strong staining forSignificant differences between experimental and con-
both Hsp70 (Fig. 1A) and luciferase (Fig. 1B). Everytrol groups were detected by one-way analysis of vari-
cell out of 25 cells examined that stained positive forance with post hoc comparison of groups by the Student-
luciferase expression also stained positive for high levelsNewman-Keuls method. Significance was defined as
of Hsp70 expression and vice versa. This result indicatesP , 0.05.
that simultaneous transfection of cells with pHb-Hsp70
and pHb-luc consistently leads to cotransfection.
RESULTS To determine the utility of luciferase for monitoring
hypoxic injury in LLC-PK1 cells, we performed severalTransient transfection of LLC-PK1 cells with pHb-
Hsp70 results in a high level of Hsp70 expression. The preliminary studies. First, we determined the time course
of injury in our model of hypoxic injury by measuringgoal of this study was to determine if overexpression of
Hsp70 protects LLC-PK1 cells from hypoxic injury. In LDH efflux from nontransfected LLC-PK1 cells exposed
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Fig. 1. Immunofluorescent analysis of heat
shock protein 70 (Hsp70) and luciferase ex-
pression after transient cotransfection of LLC-
PK1 cells with pHb-Hsp70 and pHb-luc. LLC-
PK1 cells were transiently cotransfected with
pHb-Hsp70 and pHb-luc as described in the
Methods section. Cells were then stained with
antibodies against Hsp70 and luciferase. Hsp70
and luciferase were visualized with rhodamine
or fluorescein secondary antibodies, respec-
tively. Immunofluorescent microscopy (3400)
of the same cell with rhodamine (A) and fluo-
rescein (B) filters reveal coexpression of Hsp70
and luciferase. The surrounding nontransfected
cells, which are faintly visible, demonstrate
the minimal staining of nontransfected cells.
to hypoxia for 4 to 21 hours (Fig. 2). LDH efflux from were then exposed to hypoxia for 8 to 13 hours (Fig. 3).
Within eight hours of hypoxia, intracellular luciferaseinjured cells is commonly used to assess hypoxic cell
injury [16–22]. LDH is well suited for this purpose be- decreased to 43% of basal levels. After 12 hours of hyp-
oxia, cell extracts contained only 7.5% of luciferase activ-cause it is a large cytoplasmic protein with a molecular
weight of 134 kDa. Thus, LDH only leaks out of cells ity in transfected cells not exposed to hypoxia. However,
at this time point, only 9.3% of the initial luciferasethat are severely, often irreversibly, damaged. LDH is
relatively stable; therefore, LDH activity that leaks out activity could be recovered in the culture supernatants
(data not shown). Thus, 83.2% of the initial luciferaseof the cell retains enzymatic activity, and total enzymatic
activity (that is, total activity present in cell extracts activity was lost during 12 hours of hypoxia. In contrast,
LDH efflux was only 9.8 6 1.5% after 12 hours of hyp-and supernatants) remains relatively constant during the
course of an experiment. In our model of hypoxic injury, oxia (Fig. 2). This result indicates that luciferase enzy-
matic activity is unstable during hypoxia. Loss of lucifer-LLC-PK1 cells did not begin to leak significant amounts
of LDH until 10 hours of hypoxia, and efflux was less ase activity during hypoxia may be due to denaturation
or degradation of either cellular or released luciferase, inthan 15% until 14 hours of hypoxia (Fig. 2). Further
exposure to hypoxia greatly increased LDH efflux, and conjunction with inhibition of synthesis during hypoxia.
To determine if luciferase activity re-accumulated dur-by 21 hours of hypoxia the LDH efflux reached 73%.
We next assessed how hypoxia affected luciferase ac- ing recovery after hypoxia, LLC-PK1 cells were trans-
fected, and luciferase was allowed to accumulate for 24tivity. LLC-PK1 cells were transfected with pHb-luc.
Transfected cells were incubated under normal condi- hours. Cells were then exposed to 13 hours of hypoxia
and were incubated under normal growth conditions fortions for 24 hours to allow luciferase to accumulate. Cells
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Fig. 2. Hypoxia-induced lactate dehydrogenase (LDH) efflux from
LLC-PK1 cells. LLC-PK1 cells were exposed to hypoxia for 4 to 21 Fig. 4. Effect of Hsp70 overexpression on hypoxia-induced loss of lucif-hours. LDH efflux was measured at the indicated time points and was
erase activity. LLC-PK1 cells were either transiently cotransfected withexpressed as the percentage of total LDH. Data were pooled from
pHb-Hsp70 and pHb-luc (HSP 1 LUC; ) or singly transfected withtriplicate samples from two separate experiments (N 5 6 separate wells
pHb-luc (LUC alone; ). Both sets of transfected cells were subjectedfor each time point) and are presented as mean 6 sem. *P , 0.05
to 13 hours of hypoxia (H) and were then allowed to recover for ninecompared with the four-hour time point.
hours under normal growth conditions (H 1 recovery). Luciferase
activity is expressed as the percentage of activity in transfected cells
not exposed to hypoxia. There were no significant differences between
values for HSP 1 LUC and LUC alone at any time points. Data are
pooled from quadruplicate samples from three separate experiments
(N 5 12 separately transfected wells for each condition) and are pre-
sented as mean 6 sem.
activity was regained during the nine-hour recovery pe-
riod (Fig. 3). The restoration of luciferase activity during
recovery from hypoxia may result from refolding of de-
natured luciferase or synthesis of new luciferase. This
result demonstrates that restoration of luciferase activity
after hypoxic injury serves as a marker for the injured
cell’s ability to restore normal intracellular enzymatic
activity lost during hypoxia, either through renaturation
of previously synthesized luciferase or by synthesis of
new luciferase.
Fig. 3. Loss and recovery of luciferase activity in LLC-PK1 cells ex- Hsp70 overexpression does not improve retention or
posed to hypoxia. LLC-PK1 cells were transiently transfected with pHb- recovery of luciferase activity in LLC-PK1 cellsluc. Cells were then exposed to hypoxia (H) for 8 to 13 hours (H8 to
exposed to hypoxiaH13) followed by recovery (R) under normal growth conditions for
nine hours (R9). Luciferase activity was measured at the indicated time The experiments described earlier here established the
points and was expressed as the percentage of activity in transfected feasibility of using luciferase as an indicator of reversiblecells not exposed to hypoxia. Data pooled from samples from two to
hypoxia-induced injury in LLC-PK1 cells. To determinefour separate experiments (N 5 12 separately transfected wells each
for control, H13, and R9 time points; N 5 6 for each other time point). if high levels of Hsp70 overexpression protect LLC-PK1
Data are presented as mean 6 sem. *P , 0.05 compared with transfected cells from loss of luciferase enzymatic activity during hyp-
cells not exposed to hypoxia; #P , 0.05 compared with transfected cells
oxia or promote luciferase reactivation or synthesis afterexposed to hypoxia for 13 hours without recovery (H13).
hypoxia, cells were transiently cotransfected with pHb-
Hsp70 and pHb-luc or with a double portion of pHb-luc
without pHb-Hsp70. Using a double portion of pHb-luc
nine hours to allow recovery from hypoxia. This time for the control equalized the total cellular energy burden
course allowed completion of the entire experiment required for vector expression during hypoxia and recov-
within 48 hours of transfection, which is when luciferase ery. Cell extracts were tested for luciferase activity after
expression spontaneously decreases in nonstressed, tran- 13 hours of hypoxia and after a nine-hour recovery pe-
riod (Fig. 4). For both double and single transfectants,siently transfected cells. Remarkably, 40% of luciferase
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luciferase activity decreased to very low levels by 13 hours previously denatured luciferase or by promoting expres-
of hypoxia. High levels of Hsp70 did not decrease this sion of new luciferase.
loss during hypoxia. By nine hours of recovery, luciferase
activity in both double and single transfectants returned
DISCUSSIONto over 40% of basal activity levels. Recovery of lucifer-
In this study, we used luciferase as a “reporter” en-ase activity was not significantly improved in the pres-
zyme for stress-induced injury. Luciferase has previouslyence of high levels of Hsp70. These results indicate that
been used to study the ability of heat shock proteinsin LLC-PK1 cells, overexpression of Hsp70 does not pre-
to refold denatured proteins. For example, Levy et alserve luciferase enzymatic activity during hypoxia or im-
demonstrated that Hsp70 facilitates refolding of dena-prove restoration of enzymatic activity during recovery
tured luciferase in vitro [23]. Likewise, Parsell et al dem-from hypoxia.
onstrated that heat shock proteins facilitate renaturation
Immunoreactive Hsp70 and luciferase levels during of heat-denatured luciferase in yeast cells in vivo [24].
hypoxia and recovery The use of a nonendogenous enzyme also avoids endoge-
nous regulation of gene expression, translation, and en-We qualitatively assessed Hsp70 content of transfected
cells after hypoxia and recovery by immunoperoxidase zymatic activity, which might occur if an endogenous
staining. As can be seen in Figure 5, both luciferase and enzyme was used to assess reversible enzyme loss, inacti-
Hsp70 are readily detected in transfected cells through- vation, and recovery. This study demonstrates that lucif-
out the course of the experiment in contrast to sur- erase expression vectors can be used to assess the ability
rounding, nontransfected cells. Thus, loss of Hsp70 dur- of cytoprotective factors to maintain and restore intracel-
ing hypoxia does not account for the inability of Hsp70 to lular enzyme activity in mammalian cells after hypoxic,
protect cells from hypoxia. After nine hours of recovery, thermal, or other forms of injury.
surrounding cells began to express Hsp70, although this Herein, we demonstrate that Hsp70 overexpression
cannot be appreciated in the photographs. These results does not decrease loss of intracellular luciferase activity
demonstrate that throughout the experiment, exogenous in LLC-PK1 cells exposed to hypoxia. Our results with
Hsp70 expression in transfected cells is much higher than Hsp70 overexpression in LLC-PK1 cells are different
expression of endogenous porcine Hsp70 in nontrans- than those obtained by Williams et al using the same
fected cells. vectors used in the current experiments [6]. These investi-
Subjectively, the amount of immunoreactive luciferase gators demonstrated that Hsp70 overexpression in myo-
at the end of hypoxia is lower than in control cells or in cytes reduces loss of cellular luciferase activity during
cells after recovery in both the singly transfected and chemical ATP depletion. They did not evaluate restora-
cotransfected cells (Fig. 5). This decrease in staining con- tion of luciferase activity during recovery. The variance
curs with the enzymatic assay for luciferase activity (Figs. between that study and this study may be because renal
3 and 4). Loss of immunoreactive luciferase after hypoxia tubular cells respond differently to hypoxia or ATP
could result from efflux of luciferase or denaturation of depletion than myocardial cells. Several investigators
luciferase, resulting in loss of antibody binding. have demonstrated that transgenic mice that overexpress
Hsp70 in the heart are protected from myocardial ische-Hsp70 overexpression improves retention and
mia [1–4], and overexpression of Hsp70 in cultured myo-recovery of luciferase activity in LLC-PK1
cytes [5, 6], neurons [7], and astrocytes [8] leads to protec-cells exposed to heat shock
tion from hypoxia or chemical ATP depletion. SuchTo determine if the inability of Hsp70 overexpression
studies provide convincing evidence that overexpressionto protect LLC-PK1 cells from hypoxic injury extends to
of Hsp70 alone is sufficient to provide improved survivalother forms of injury, we tested if Hsp70 overexpression
of myocytes and neural cells from hyperthermia, hyp-altered the ability of LLC-PK1 cells to tolerate thermal
oxia, and chemical ATP depletion.injury. LLC-PK1 cells were transfected with either pHb-
However, studies examining the correlation betweenHsp70 and pHb-luc or with pHb-luc alone and were
renal Hsp70 expression and protection from hypoxic in-then exposed to heat shock. In contrast to the results
jury have been conflicting. Perdrizet et al demonstratedwith hypoxia, Hsp70 overexpression promoted retention
that total body hyperthermia in rats improved renal allo-of luciferase activity in cells exposed to heat shock (Fig.
graft survival after prolonged cold storage or warm ische-6). Furthermore, Hsp70 overexpression increased lucif-
mia in correlation with increased Hsp70 expression [25,erase activity during recovery from heat shock. These
26]. Similarly, prior heat stress improves survival of opos-results indicate that, in contrast to results with hypoxia,
sum kidney cells exposed to metabolic inhibitors in corre-Hsp70 overexpression in LLC-PK1 cells protects against
lation with Hsp70 expression [27], implying that Hsp70loss of luciferase activity upon exposure to hyperthermia
may protect opossum kidney cells from chemical ATPand promotes restoration of activity during recovery
from heat shock, either by facilitating renaturation of depletion. However, Joannidis et al did not detect protec-
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Fig. 5. Immunoreactive Hsp70 and luciferase after hypoxia and recovery. LLC-PK1 cells were either transiently singly transfected with pHb-Hsp70
or pHb-luc, or cotransfected with pHb-Hsp70 and pHb-luc (both). Transfected cells were either left under normal growth conditions (control
cells, C), subjected to 13 hours of hypoxia (H), or allowed to recover for nine hours under normal growth conditions (R). Immunoreactive Hsp70
or luciferase was then detected by immunoperoxidase staining. Cells were counterstained with hematoxylin and visualized by phase contrast
microscopy under inverted phase microscopy (3400).
tion from renal ischemia in rats preconditioned with hy- overexpression is not sufficient to protect tubular epithe-
lial cells from hypoxic injury.perthermia despite induction of Hsp70 [9]. Likewise,
Zager et al did not detect significant protection from The finding that Hsp70 overexpression protects multi-
ple organs, including the brain and heart, and protectsrenal ischemia after heat stress despite induction of
Hsp70 [10]. Zager et al also demonstrated that ischemic multiple types of cultured cells, including neurons, myo-
cytes, and hepatocytes, but not renal cells, is surprising.preconditioning leads to protection against renal ische-
mia, but this protection did not correlate with Hsp70 All prior studies involving the kidney involve animal
studies with heat- or ischemia-induced Hsp70. Theseexpression [10]. Furthermore, we found that hypoxic pre-
conditioning of cultured human proximal tubular cells methods invoke a very broad response involving many
genes and other factors, such as altered postischemicinduces tolerance for subsequent hypoxia [11], but pro-
tection did not correlate with increased Hsp70 levels [12]. blood flow and tubular obstruction. This study is the
first to test directly the ability of Hsp70 to protect renalThis study further supports the contention that Hsp70
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that Hsp70 overexpression in neurons provides greater
protection from hyperthermia than hypoxia [7]. Overex-
pression of another heat shock protein, HSP90, has also
been noted to protect embryonal rat myogenic cells
against heat shock, but not hypoxic injury [31]. Such
results suggest that, although both hypoxia and hyper-
thermia result in profound decreases in ATP content,
other aspects of hypoxic and hyperthermic injury account
for the differences in the ability of Hsp70 to protect from
injury. Likewise, the ability of Hsp70 to protect cells
from chemical ATP depletion [6, 27] may differ signifi-
cantly from injury compared with injury from oxygen
and glucose deprivation, as used in this study.
One mechanism by which Hsp70 may protect cells
from injury is by preventing protein denaturation and
promoting refolding of partially denatured protein [14,
32–34]. For example, Hsp70 promotes refolding of lucif-
erase in vitro [23] and in vivo [24]. One of the most heat-
labile processes in the cell is mRNA translation. Li et
al demonstrated that Hsp70 overexpression promotes
Fig. 6. Effect of Hsp70 overexpression on heat shock-induced loss of
recovery of transcription and translation after hyperther-luciferase activity. LLC-PK1 cells were either transiently cotransfected
with pHb-Hsp70 and pHb-luc (HSP 1 LUC; ) or singly transfected mia, perhaps by refolding damaged proteins involved in
with pHb-luc (LUC alone; ). Both sets of transfected cells were transcription and translation [35]. Consistent with this
subjected to heat stress (428C for 45 min) with no recovery (HS) or
hypothesis, the bacterial Hsp70 homologue, DnaK, reac-heat stress followed by a 17 hour recovery at 378C (HS 1 R). Luciferase
activity is expressed as the percentage of activity in transfected cells tivates heat-inactivated RNA polymerase in vitro. Fur-
not exposed to heat shock (No HS). Data are pooled from quadruplicate thermore, purified Hsp70 restores mRNA splicing insamples from three separate experiments (N 5 12 separately transfected
heat-inactivated cell extracts [36]. Therefore, Hsp70, inwells for each condition) and are presented as mean 6 sem. *P , 0.05
compared with LUC alone. part, protects cells during thermal injury by decreasing
protein denaturation and then promotes recovery after
injury by maintaining the function of enzymes involved
in translation and mRNA processing.
tubular cells from hypoxic injury. Our results support the In summary, this study indicates that Hsp70 overex-
contention that Hsp70 overexpression does not provide pression protects LLC-PK1 cells from thermal injury, asrenal cells with the same type of protection from hypoxia it does in other cell types. However, in contrast to other
as reported for other cell types. cell types, Hsp70 overexpression is not sufficient to de-
Taken together, the studies discussed earlier here sug- crease loss of or promote recovery of intracellular lucifer-
gest that the molecular mechanisms responsible for hyp- ase enzymatic activity in LLC-PK1 renal tubular cellsoxic preconditioning of the kidney in vivo [10, 28] or of exposed to hypoxic injury. This study indicates that, with
cultured renal tubular cells in vitro [11] may require regard to Hsp70 cytoprotection, renal tubular cells re-
expression of genes other than Hsp70. These studies do spond differently to hypoxic injury than nonrenal cells.
not rule out the possibility that Hsp70 expression is a vital
component of preconditioning, but suggest that Hsp70 ACKNOWLEDGMENTS
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